OBJECTIVE: To investigate interrelationships between muscle ®bre type, respiratory exchange ratio (RER) during exercise at a ®xed workload and adiposity. DESIGN: Cross-sectional study. SUBJECTS: 21 untrained, healthy male subjects. MEASUREMENTS: Body fat composition by dual-energy X-ray absorptiometry (DEXA). Exercise test at 55% of V Á O 2max , muscle ®bre type composition, muscle NADH and citrate synthase enzyme activity levels; serum insulin, glucose and cortisol concentrations. RESULTS: Percent body fat was inversely correlated to the proportion of type I muscle ®bres (r 7 0.55, P`0.02). In addition percent trunk fat was negatively correlated with percent type I ®bres (r 7 0.58, P`0.01) while this relationship was not present for percent leg fat. There was no relation between RER at rest or during exercise and muscle ®bre type composition or percent body fat. CONCLUSION: Body fat and percent type I muscle ®bres were correlated, supporting skeletal muscle ®bre type as a potential etiological factor in obesity. No correlation was observed between percent body fat and substrate oxidation at rest or during moderate exercise, indicating that muscle fuel substrate mix does not appear to provide a mechanism for this relation under either condition.
Introduction
Skeletal muscle plays a central role in whole-body energy metabolism, contributing an estimated 20% of total energy expenditure in humans. 1 It is the major tissue of insulin-stimulated glucose uptake and contains substantially more glycogen than the liver. 2 Equally, muscle utilises substantial amounts of circulating lipid for energy and contains signi®cant triacylglycerol stores.
Skeletal muscle contains a mixture of ®bre types with a range of oxidative capacities. Type I ®bres are of the high oxidative, slow-twitch variety with an excellent capacity for using lipid for fuel at rest and during moderate exercise. Type IIb are glycolytic, fast-twitch ®bres with an almost exclusive reliance on glucose and glycogen for fuel. Type IIa ®bres are intermediate with an oxidative capacity that often overlaps that of type I ®bres. Since fat balance is central to long-term energy balance, and hence the potential for obesity, it is not surprising that there is now some 3 ± 8 (but not unequivocal 9, 10 ) evidence for a positive relationship between the relative percentage of type IIb ®bres and adiposity in humans. One of these studies appeared to provide a mechanism underpinning these observations by further observing that individuals with a higher proportion of type I ®bres had a lower respiratory exchange ratio (RER) during low-intensity bicycle exercise; that is a greater reliance on lipid for fuel. 4 Conversely, individuals with a higher proportion of type IIb ®bres had a higher RER during exercise indicating low fat usage. This study, while interesting, was intrinsicallȳ awed because the exercise was carried out at a ®xed workload unadjusted for individual V Á O 2max
values. Since the more obese individuals would, based on good evidence, have had lower V Á O 2max , they would have been exercising at a work rate much closer to their V Á O 2max . As exercise intensity approaches V Á O 2max a higher proportion of carbohydrate is used for fuel. Hence, the obese would appear to have an intrinsic`reluctance' to utilise fat. To test this possibility Geerling et al 11 performed exercise tests at a ®xed percent of V Á O 2max in subjects with a range of body mass indices (BMI). In contrast to the Wade study, they found no relationship between body fatness and RER during exercise at a ®xed percentage of V Á O 2max . Unfortunately, Geerling et al 11 did not take muscle biopsies, nor were they able to replicate Wade's results even at a ®xed workload. The possibility then exists that within this subject group, there was no relationship between body fatness and muscle ®bre type, and this accounted for the lack of relationship between body fatness and RER.
The present study was aimed at investigating the relationship between muscle ®bre type and: (1) adiposity and (2) RER during exercise at a ®xed percent of V Á O 2max in a group of young, untrained male subjects. The hypotheses were that the proportion of type I ®bres would show: (1) a negative relation with adiposity and (2) a negative relationship with RER during exercise.
Subjects and methods

Experimental design
The experiment was approved by the University of Wollongong Human Experimentation Ethics Committee. Initially 21 untrained, healthy male Caucasian subjects exposing a range of adiposity were recruited. None of the subjects participated or had during the last 2 y participated in more than 2 h of recreational physical activity per week. Furthermore none of the subjects had during the preceding 2 y experienced any major¯uctuations in body weight. Subjects were tested at the laboratory on three separate occasions. At the initial test maximal oxygen uptake was determined in a four step indirect protocol, where predicted maximal heart rate was corrected for age. These measurements were also used to establish the relationship between oxygen uptake and workload.
No later than three weeks afterwards, subjects arrived for the second test. In the 3 d prior to the experiment the subjects were asked to follow a prescribed dietary regimen to ensure a minimum carbohydrate intake of 350 ± 400 g per day. Subjects were asked to refrain from strenuous physical activity in the 2 d prior to the experiment, and reported to the laboratory by either car or bus in the morning after a 12-h overnight fast. After 30 min rest in the supine position a ventilated hood was placed over the subject's head and resting RER was measured using a Sensor Medics 2900 Metabolic Measurement Cart (Sensor Medics Corporation, CA, USA). The measurements were continued until steady state conditions were achieved.
Under conditions of steady state, RER is considered to represent a good estimate of respiratory quotient (RQ) and as such a measure of substrate oxidation. A catheter was placed in an arm vein and a blood sample was taken in the resting condition. The catheter was ushed with sterile sodium citrate. A muscle biopsy was then performed with suction from the vastus lateralis muscle under local anaesthesia by Xylocaine using the needle biopsy technique. 12 Immediately after the biopsy the muscle tissue was divided in two parts, one part was frozen in liquid nitrogen and the other part was embedded in Tissue Tek (Miles Laboratories, IL, USA) and frozen in isopentane cooled to its freezing point. Both parts were stored at 7 80 C for later analysis.
Blood samples were taken 90 s, 5 and 20 min after the biopsy. Subjects were then placed on an electronically braked Lode bicycle ergometer (Lode Excalibur Sport, Groningen, Netherlands) and asked to cycle for 60 min. Subjects exercised at 55% of their predetermined maximal oxygen uptake at a constant pedalling frequency of 60 revamin. During exercise RER and oxygen uptake were continuously measured on line by the Sensor Medics 2900 Metabolic Measurement Cart, and blood samples were taken after 15, 30 and 59 min of exercise. During exercise heart rate was measured by short range telemetry using a Polar Sports Tester (Polar Electro, Finland). After an 1 h subjects stopped cycling and no further testing was done on that day.
At the third test subjects reported to the laboratory for a determination of body composition and anthropometric measures, BMI and waist to hip circumference ratio (WHR). Body composition was determined by dual-energy X-ray absorptiometry on a Norland XR26 X-ray bone densitometer. The whole body scan was divided into regions: arms, legs, head, abdomen and trunk (from chin to bottom of rib cage). This third test was conducted within two weeks of the second test.
Blood analysis. Blood samples were spun at 3400 rpm for 15 min and serum stored at 7 20 C until later analysis. Serum glucose and lactate were measured on the YSI 2300 STAT PLUS (Yellow Springs Instrument, OH, USA). Serum free fatty acid (FFA) concentration was analysed with a commercially available enzymatic colorimetric assay (non esteri®ed fatty acids NEFA C, Wako, Japan). Serum triacylglycerol was analysed with a commercially available enzymatic method, which relies upon the enzymatic hydrolysis of triacylglycerols and subsequent determination of the liberated glycerol, by colorimetry (Boehringer Mannheim Diagnostica, Germany). Serum insulin and cortisol were analysed with commercially available radioimmunoassay kits (Human Insulin Speci®c Radioimmunoassay Kit; Linco Research, USA and Orion, Diagnostica Cortisol Kit; Orion Diagnostica, Finland).
Muscle biopsy analysis. Serial transverse sections of 10 mm thickness were cut using a cryostat (Leica, Nussloch, Germany) at 7 20 C and stained for myo®brillar ATPase to identify ®bre types. 13 Serial sections were also used to assess the oxidative capacity using the NADH-tetrazolium reductase (NADH-TR) technique. 14 The intensity of staining is related to the oxidative capacity of the ®bres. 15 Fibre type identi®-cation and NADH staining quanti®cation were performed with the use of the public domain National Institutes of Health Image Analysis Program (W. Rosband, NIH). Citrate synthase activity was measured spectrophometrically by the method of Srere 16 and expressed relative to the protein content. Protein
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Statistics
Results are given as meansAE s.e.m. and, when relevant, range is included. Statistical analyses were performed using Statview II statistical package (Abacus Concepts Inc, Berkley, CA, USA) and Sigma Stat, Windows version 1.3 (Jandel Corporation GmBh, Germany). Pearson correlation, multiple regression and one way variance analysis were used. When appropriate, post hoc tests were performed with Student Newman-Keuls test. Statistical signi®cance was set at P`0.05.
Results
Subject characteristics
Subject characteristics are given as mean AE s.e.m. and were as follows: age 24 AE 1 y, height 178AE 4 cm, weight 80.1 AE 2.6 kg, WHR 0.92 AE 0.01, BMI 25.3AE 0.7 kgam 2 (range 20 ± 32) and peak oxygen uptake 3.1AE 0.11 lamin. Total body fat, determined by DEXA, was 22.6AE 1.7% (range 10.4 ± 37.3) and of the total fat, 22AE 1% (range 13 ± 29) was distributed in the abdominal region.
Muscle data
Muscle ®bre types were divided into either type I or type II ®bres and in vastus lateralis 49AE 3 % were type I (range 24 ± 75) and 51 AE 3 % type II (range 25 ± 76) ®bres. The muscle ®bres were stained for NADH activity, and there was 49 AE 3 % dark stained (range 23 ± 71) and 51AE 3 % light stained (range 29 ± 77). The percent of muscle ®bre type I were signi®cantly correlated to NADH activity (r 0.93, P`0.001). Citrate synthase activity was 14.8 AE 1.3 mUag waw. Citrate synthase activity in vastus lateralis was signi®cantly correlated to NADH activity (r 0.50, P`0.02), but not percent type I muscle ®bres, percent body fat or fat mass. Table 1 provides the correlations between measures of muscle ®bre type and oxidative capacity and measures of adiposity, and it is evident that percent body fat was inversely correlated to the proportion of type I muscle ®bres (r 7 0.55, P`0.02), Figure 1 ). In addition a correlation was also present for the percent of NADH dark stained ®bres and body fat (r 7 0.46, P`0.04). However, for less direct indices of adiposity such as BMI and WHR no signi®cant correlations with muscle ®bre type or oxidative capacity were present (Table I) .
Body adiposity was further divided into trunk vs leg percent fat. In a partial correlation matrix percent type I ®bres related strongly to percent trunk fat (r 7 0.58, P`0.01) whereas there was a weak positive relationship to leg fat (r 0.3, n.s.). Body adiposity correlated very strongly to trunk fat (r 0.94, P`0.01, Table 1 ).
Peak oxygen uptake was correlated to the proportion of type I ®bres and the percent NADH dark stained ®bres (Table 1) . However, peak oxygen uptake was not signi®cantly correlated to percent body fat, fat mass or any of the measures of adiposity (Table 1) .
Preexercise values
In the fasted resting state RER was 0.83AE 0.01. Blood substrate and hormone concentrations measured at rest are listed in Table 2 . None of the subjects had prior experience with muscle biopsies, thus blood samples taken immediately after the biopsy represents an initial stress response to the biopsy procedure'. Figure 1 The relation between percent (%) of type I muscle ®bres in human skeletal muscle (vastus lateralis) and percent body fat in 21 male untrained subjects.
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Over the course of the biopsy procedure, from 15 min before to 15 min after, heart rate remained unchanged at 61 AE 2 bpm. Serum cortisol levels were signi®cantly increased 5 and 20 min after the biopsy (Table 2) . After 20 min the serum glucose concentration was signi®cantly increased (Table 2) , and the increase was positively correlated to the increase in serum cortisol concentration (r 0.60, P`0.01). Serum lactate and FFA concentrations were not affected 20 min after the biopsy.
Exercise values
Bicycle exercise was performed at 57 AE 1 % of peak oxygen uptake. During exercise heart rate was increased from 57AE 4 bpm at rest to 139AE 5 bpm after 15 min, whereafter a slow but not signi®cant drift until the 60th min (150AE 4 bpm) was observed. The RER remained constant at 0.90AE 0.01 throughout the exercise bout (range 0.83 ± 0.95). There was no signi®cant correlation between RER measured at rest or during the exercise bout and the proportion of type I ®bres (Figure 2 ). Also there was no correlation between RER measured at rest or during exercise and body adiposity (Figure 3) . Furthermore, no correlations were present between either dark stained NADH ®bres or CS-activity and RER at rest or during exercise. During exercise serum glucose concentration remained constant at 5.1 mmolal, whereas serum lactate concentration was increased after 15 min (P`0.05), where it remained throughout the exercise bout (Table 2) . Serum FFA concentration declined to a nadir after 15 min (P`0.01), after which it increased until exercise stopped (P`0.01). Serum FFA concentration was signi®cantly higher at the end of exercise compared to the initial concentration (Table 2 ). Serum triacylglycerol concentration was signi®cantly higher after 30 min of exercise than the concentration at rest (Table 2) . Serum insulin concentration remained constant during the ®rst 30 min of exercise, whereafter a signi®cant decrease was observed (Table 2) . Serum cortisol concentration did not change throughout the exercise bout (Table 2) . 
Figure 2
The relation between percent (%) of type I muscle ®bres in human skeletal muscle (vastus lateralis) and RER during submaximal exercise at 57 % of V Á O 2max in 21 male untrained subjects. Figure 3 The relation between respiratory exchange rate (RER) during submaximal exercise at 57 % of V Á O 2max and percent body fat in 21 male untrained subjects.
Muscle ®bre types, substrate oxidation and body fat JW Helge et al
Discussion
The main ®ndings of this study were the presence of a signi®cant correlation between body fat and percent type I muscle ®bres and the lack of a correlation between percent body fat and substrate oxidation during moderate exercise.
Obesity is linked to a cluster of conditions termed the metabolic syndrome. 17 Over the years much work has sought to provide insight into the causes that lead to an accumulation of body fat. It is evident that overall fat balance must be a critical variable to the development of obesity, 18 and since skeletal muscle accounts for some 20 % of total energy expenditure at rest 1 and up to 65 ± 70 % during vigorous physical activity, 19 skeletal muscle must play a role in fat balance. The three muscle ®bre types in man have quite different inherent capacities to utilise fat: Type I signi®cantly more so than type IIb, type IIa being intermediate. Thus, an increasing proportion of type I muscle ®bres would enhance the body's capacity to utilise lipid for energy and act to reduce body fat accumulation. In agreement with this rationale, a signi®cant inverse correlation between percent type I muscle ®bres in the vastus lateralis muscle and percent body fat was apparent in this study. This is congruent with the majority of studies which have found a link between relative muscle ®bre type proportions and obesity in man. 3 ± 8 In the studies by Lillioja et al 3 and Kriketos et al 6 signi®cant correlations were also observed between a crude measure of body fat distribution (waistahip circumference) and relative per cent of type I muscle ®bres. In this study, trunk fat was inversely correlated to the relative percent of type I muscle ®bres. Thus with a more direct measurement of body fat distribution a somewhat stronger correlation (r 7 0.58, Table I ) was present between percent trunk fat and percent type I muscle ®bres in the untrained healthy males of this study. Interestingly, despite a strong relationship between trunk and leg fat (r 0.94, P`0.001) the partial correlation matrix revealed a weak positive nonsigni®cant relationship between percent of type I muscle ®bres and percent leg fat. This is consistent with the increases in muscle triacylglycerol depots in very trained individuals with a high oxidative capacity. 20 However, the mechanism that links lower muscle type I ®bresaoxidative capacity to central adiposity is not clear, but it does implicate muscle ®bre type in the development of adiposity, particularly central adiposity, one of the most prominent variables in the expression of the Metabolic Syndrome.
Considering that type I muscle ®bre has a larger capacity to oxidise fat and the expectation of a correlation between body fat and relative amount of type I muscle ®bres, it was obvious to look for a relationship between substrate oxidation and body composition. In fact, Wade et al 4 demonstrated a signi®cant correlation between the RER during submaximal exercise and percent body fat. However the design of the Wade study was¯awed, since the subjects exercised at a similar absolute work rate, and therefore at different relative exercise intensities. In the present study, there was no signi®cant correlation between RER at rest or during submaximal bicycle exercise, performed at the same relative load, and percent body fat (Figure 3) . The same lack of correlation between body fatness and RER during exercise, at similar intensities, was also demonstrated by Geerling et al 11 in normal untrained men. As such, there is now a lack of direct support for a relationship between body fat and RER, suggesting that substrate oxidation during exercise is not the direct mediator of the observed relation between body fat and percent type I muscle ®bres. However, substrate oxidation is a complex function in¯uenced by a multitude of factors, and further studies are needed to understand the relation to body fat accumulation.
In this study we observed that the excision of a percutaneous muscle biopsy induced an increased serum cortisol concentration which was apparent 5 min after the biopsy and still present after 20 min, where an increase in serum glucose concentrations, but not in serum FFA or lactate concentrations, was observed. In an appropriately designed study comprising a control group, Holck et al 21 demonstrated increases in serum cortisol, serum FFA and a small but nonsigni®cant increase in serum adrenaline concentrations in a blood sample performed 10 min after a muscle biopsy in normal healthy men. In that study, the insulin stimulated glucose uptake measured by the euglycaemic hyperinsulinemic clamp technique was signi®cantly diminished after a percutaneous needle muscle biopsy. Thus, these results indicate that the potential stress response following a needle muscle biopsy should be considered when focus is on metabolic regulation, and it should be emphasised that appropriate time be allowed for this effect to subside.
Conclusion
Understanding the factors involved in the development of obesity is one of the main targets in the prevention of this major lifestyle disease. In this study, body fat and percent type I muscle ®bres were correlated, supporting skeletal muscle ®bre type as a potential etiological factor in obesity. However, the lack of a correlation between substrate oxidation both at rest and during moderate exercise and percent body fat does not support the hypothesis that this relationship is mediated directly via substrate mix during either condition. 
